Dysregulation of the cyclin dependent kinase pathway in luminal breast cancer creates a new therapeutic opportunity for estrogen receptor positive breast cancer. Initial pan-CDK inhibitors were associated with extensive toxicities but in recent years, the development of potent specific CDK inhibitors with favorable tolerability has driven renewed interests in this class of targeted therapies. Palbociclib, ribociclib and abemaciclib are specific CDK4/6 inhibitors that have been approved by the U.S. Food and Drug Administration for use in combination with endocrine therapy for women with advanced hormone receptor positive breast cancer. These three anticancer therapeutics were approved based on progression free survival benefit seen on phase III trials with the most common grade 3 treatment-related side effects being neutropenia, fatigue, nausea and diarrhea. Except for estrogen receptor positivity, no biomarkers predictive of response to CDK4/6 inhibitors have been identified to date. Based on mechanistic insights here described, CDK4/6 inhibitors are currently being explored in combination with other agents, including targeted therapies, immunotherapy and chemotherapy.
Introduction
By the end of 2018, 1,735,350 new cancer cases and 609,640 cancer deaths are projected to occur in the United States. Of these, breast cancer accounts for 15% (268,670) of all new cancer cases and 7% (41,400) of all cancer-related deaths (Siegel, Miller, & Jemal, 2018) . Although significant progress has been made in early diagnosis and treatment, molecular heterogeneity and drug resistance have impeded successful treatment of this disease. Each year, the number of breast cancer cases is projected to increase in the United States, and treatment of metastatic breast cancer adds a significant burden to health care and the economy (Montero, Eapen, Gorin, & Adler, 2012) .
Most cases of breast cancer are estrogen receptor (ER) positive (Li, Daling, & Malone, 2003) and the ER status can predict response to endocrine therapy. These tumors are usually associated with a better overall survival (OS) (Clahsen et al., 1999) and recurrences occur at a steady rate up to 20 years (Pan et al., 2017) , while ER negative breast cancers recur in the first 3 to 5 years. Acquired or adaptive endocrine resistance is common and may occur in 40-50% of ER positive tumors (Osborne & Schiff, 2011) .
Gene expression studies in the last two decades have provided valuable insight into the molecular makeup of the heterogeneity that exists across breast cancers. Regulation of cell cycle has emerged as a prominent pathway that promotes overall breast cancer progression and endocrine resistance ( a Finn, Aleshin, & Slamon, 2016) . The complex mechanism of cell division is controlled by specific phases with unique functions. In the G1-phase, cells divide/grow or enter quiescence, G0, based on external stimuli. Once the decision has been made to divide, the cell enters the S-phase, where DNA replication/synthesis occurs. The next step is the G2-phase where the cells prepare for mitosis followed by the M-phase where the actual division of genetic material and cytoplasm (cytokinesis) takes place resulting in two daughter cells (Clarke & Allan, 2009; King & Cidlowski, 1995) . Different cyclin dependent kinases (CDKs) have unique roles at the various phases of the cell cycle. Specifically, CDK4 and 6 form complexes with one of three D-type cyclins (D1, D2, D3) in specific cellular contexts at the G1-phase. The CDK4/6-cyclin D complex hypo-phosphorylates the retinoblastoma 1 (RB1) gene and prepares it for hyper-phosphorylation by the CDK2-cyclinE complex later in the G1-phase prompting the release of the E2F transcription factors that are critical for entry into S phase (Ingham & Schwartz, 2017) . Thus, small molecule inhibitors of CDK4/6 inhibit cell cycle progression by inhibiting phosphorylation of RB1 thereby inducing reversible G1-phase cell-cycle arrest in RB1-positive tumors. (Dean, Thangavel, McClendon, Reed, & Knudsen, 2010; Finn et al., 2009; Konecny et al., 2011) (Fig. 1) . Unrestricted cell division in cancer cells is promoted by an intricate signaling mechanism that includes CDKs and cyclins (Landis, Pawlyk, Li, Sicinski, & Hinds, 2006) . Increased CDKs, cyclins or decreased levels of endogenous CDK inhibitors such as CDKN2A (INK4/p16) or CDKN1A (Cip/p21) have been reported in various cancers (Ingham & Schwartz, 2017) . Data from The Cancer Genome Atlas (TCGA) point to an association between dysregulation of the cyclin D1-CDK 4/6-Rb pathway and luminal B type breast cancer (Cancer Genome Atlas Network, 2012) . Luminal B tumors as compared with luminal A tumors are more frequently associated with cyclin D1 gene amplification (58% vs 29% respectively), gain of CDK4 (25% vs 14% respectively) and loss of negative regulators, including p16 and p18. Dysregulation of the CDK pathway in luminal tumors may explain the increased activity of these drugs in ER positive cell lines. Based on these findings, blockage of CDK4/6 is a rational approach to restoring cell cycle control in ER positive breast cancer.
Initial pan-CDK inhibitors proved to be unsuccessful in inhibiting cancer cells and were associated with extensive toxicities (Jessen et al., 2007; Shapiro, 2006) . However, in recent years, the development of potent specific CDK inhibitors with favorable tolerability has driven renewed interests in this class of targeted therapies (Dukelow, Kishan, Khasraw, & Murphy, 2015) . Prolonged treatment with CDK4/6 inhibitors leads to suppression of genes involved in cell cycle, while inducing other genes involved in multiple processes. In fact, CDK4/6 inhibition has also been associated with induction of genes associated with cell growth that are antagonized by endocrine therapy (Knudsen & Witkiewicz, 2016; Knudsen & Witkiewicz, 2017) which further supports the rationale of combining both agents.
Palbociclib (PD0332991), ribociclib (LEE011) and abemaciclib (LY2835219) are three orally active, highly specific inhibitors that bind to the ATP cleft of CDK4 and CDK6 with minimal toxicity (Fig. 1) . All three agents have completed evaluation on randomized phase III studies and have received approval by the US Food and Drug Administration (FDA) for use in hormone receptor (HR)-positive breast cancers. Here we review the preclinical and clinical studies with CDK4/6 inhibitors specifically in breast cancer. A comprehensive understanding of the mechanisms of action may provide insight into possible causes of resistance and also the best combination approaches for HR-positive breast cancer.
2. Preclinical studies with CDK 4/6 in breast cancer models
Palbociclib
Palbociclib (PD0332991, IBRANCE®, Pfizer Inc.) is an orally active potent small molecule inhibitor of CDK4/6 likely to bind to the ATP cleft (Fry et al., 2004) . In vitro studies using a panel of breast cancer cell lines show that ER positive breast cancer cells were sensitive to palbociclib with significant decrease in cell cycle progression, through G1 arrest, and blocking hyper-phosphorylation of pRb. Overall, increased Rb and cyclin D1 as well as decreased p16 were associated Fig. 1 . Schematic diagram illustrating the role of CDK4/6 inhibitors in cancer cells. External mitogenic signaling (red arrow) promotes complex formation between CDK4/6 and cyclin D. This CDK4/6-cyclin D complex facilitates the hyper-phosphorylation of RB1, release of E2F transcription factor and transition from G1 into S phase resulting in cell growth. CDK4/6 inhibitors such as palbociclib, ribociclib or abemacicbil (blue arrows) inhibit phosphorylation of RB1 that remains bound to E2F transcription factor and thereby induce cell G1/S cycle arrest arrest resulting in inhibition of cell growth. (Created with BioRender).
with sensitivity to the effects of palbociclib on the cell cycle and growth inhibition (Dean et al., 2010; Finn et al., 2009) . Least activity was found in non-luminal/basal breast cancer cells except for those with human epidermal growth factor receptor 2 (HER2)-amplification. Palbociclib was synergistic with antiestrogen tamoxifen and anti-HER2 therapy trastuzumab in ER-positive and HER2 amplified cell lines, respectively. Furthermore, palbociclib enhanced sensitivity to tamoxifen in breast cancer cell lines that had acquired resistance to tamoxifen (Finn et al., 2009 ) and was capable of inducing aspects of cellular senescence in hormone therapy refractory cell lines (Thangavel et al., 2011) .
While most preclinical studies with palbociclib have focused on HRpositive breast cancer models, limited preclinical studies have shown some promise with HER2-positive or triple negative breast cancer (TNBC) (Asghar et al., 2017; Witkiewicz, Cox, & Knudsen, 2014) . Initial studies in HR-positive, HER2-positive breast cancer cells with luminal features showed increased sensitivity to palbociclib (Finn et al., 2009) and had paved the way to test combination studies in HER2-positive breast cancer models. Studies in HER2-positive breast cancer models and primary human explants showed increased sensitivity to palbociclib and an additive effect in combination with adotrastuzumab emtansine (T-DM1) . In cell models representing luminal androgen receptor (LAR) TNBC subgroup, inhibition of PI3K -phosphoinositide 3-kinase (PI3K) signaling sensitized cells to CDK4/6 inhibition, suggesting that combination of PI3K inhibitors and CDK4/6 inhibitors may be a therapeutic strategy for this subset of TNBC (Asghar et al., 2017) .
Ribociclib
Ribociclib (LEE011; KISQALI; Novartis Pharmaceuticals Corps.) is an orally bioavailable, small molecule inhibitor of both CDK4 and CDK6 that induces complete dephosphorylation of Rb, resulting in sequestration of the E2F transcription factors and G1 cell cycle arrest in Rbpositive cell lines (Rader et al., 2013) . In vivo, significant tumor growth inhibition was seen in four ER-positive xenograft models with ribociclib alone and ribociclib with letrozole or fulvestrant (O'Brien et al., 2014) . In TNBC models, combination of ribociclib and BYL719 (PI3Kα inhibitor; alpelisib) cooperatively increased cell-cycle arrest, DNA damage, replicative stress, increased tumor antigen presentation as well as immunogenic cell death. Findings in immunocompetent mice revealed that ribociclib and BYL719 increased activation and cytotoxicity of both adaptive and innate immune cell populations as well as decreased frequency of immune-suppressive monocytic myeloid-derived suppressor cells (MDSCs) within the tumor environment (Teo et al., 2017) .
Abemaciclib
Abemaciclib (LY2835219; VERZENIO™, Eli Lilly and Company) binds the ATP cleft and forms a hydrogen bond with a catalytic residue (Lys43) that is conserved among kinases, suggesting it binds with less selectivity than ribociclib and palbociclib (Chen et al., 2016) . Abemaciclib inhibits CDK4 and CDK6 and Rb phosphorylation resulting in G1 arrest and inhibition of proliferation, and its activity is specific for Rb-proficient cells. In preclinical models, abemaciclib showed greater affinity for CDK4 in comparison to palbociclib or ribociclib, which may also explain the different toxicity profile. In vivo, equivalent levels of tumor growth inhibition to abemaciclib were observed in ER-positive, HER2-positive and biomarker selected TNBC xenografts (O'Brien et al., 2018) . In HER2-positive breast cancer models, cyclin D1-CDK4 pathway mediates resistance to anti-HER2 therapy, and targeting resistant tumor cells with abemaciclib re-sensitizes them to anti-HER2 therapy by increasing their dependence on EGFR-family kinase signaling (Goel et al., 2016) . Preclinical studies in rodent models showed that abemaciclib crosses the blood-brain barrier (Raub et al., 2015) . Abemaciclib has been shown to enhance the efficacy of several chemotherapeutic agents in multi-drug resistant (MDR) MCF ER-positive breast cancer cells, mediated by inhibition of ABCB1/ABCG2 transport function, leading to an increase of intracellular chemotherapeutic agent accumulation. Interestingly, the reversal of MDR by abemaciclib was independent of the inhibition of CDK4/6 and the blockage of the Rb pathway phosphorylation (Wu et al., 2017) .
Clinical studies with CDK4/6 inhibitors in breast cancer

Palbociclib
Palbociclib was the first CDK4/6 inhibitor to be developed in the clinical trial setting. It was initially evaluated as a single agent in two phase I dose escalation trials in patients with advanced malignancies (Flaherty et al., 2012; Schwartz et al., 2011) . Overall it was well tolerated with dose-limiting toxicities (DLTs) related primarily to myelosuppresion. The dose and schedule selected to be used in subsequent trials was 125 mg once daily for 14 days followed by 7 days off (2 weeks on/ 1 week off). The results seen in phase I led to a single arm phase II study of palbociclib given as monotherapy in patients with Rb-positive advanced breast cancer (Demichele et al., 2015) . Of 128 patients who consented for tumor Rb expression screening, 115 were Rb-positive, 5 were Rb-negative and 8 had no tissue available. Thirty-seven patients met other eligibility criteria and were enrolled. Of those, 19% had a clinical benefit rate (CBR), defined as partial response (PR) and stable disease (SD) for 24 months or longer. Median progression-free-survival (PFS) was 3.7 months overall but was significantly longer for those with HR-positive disease compared with HR-negative disease (4.5 vs 1.5 months, P = .03).
Subsequent studies evaluated palbociclib in combination with antiestrogen therapy, regardless of the Rb status, based on preclinical data demonstrating synergy of palbociclib with anti-estrogen therapy. The PALOMA-1 trial (Finn et al., 2015) was a multicenter, open-label phase II trial that enrolled 165 postmenopausal women with ER-positive, HER2-negative advanced breast cancer who had not received previous systemic treatment for advanced disease. Patients were randomized in a 1:1 fashion to letrozole 2.5 mg daily or letrozole 2.5 mg daily plus palbociclib. Initially patients were enrolled into two separate cohorts based on the requirement to have CCND1 amplification or loss of p16, or both. After an interim analysis suggesting that patient selection based on CCND1 or p16 loss was unlikely to improve patient outcomes, the design was modified and enrollment continued to one cohort only. Median investigator-assessed PFS was 20.2 months (95% CI 13.8-27.5) in the palbociclib plus letrozole arm and 10.2 months (95% CI 5.7-12.6) in the letrozole alone arm (hazard ratio [HR] , 0.488, 95% CI 0.319-0.748). In addition, the ORR in patients with measurable disease was higher in the palbociclib plus letrozole compared with the letrozole alone arm (55.4% vs 39.4%). Palbociclib was the first CDK4/6 inhibitor to receive FDA accelerated approval in advanced breast cancer, on February 2015, based on the clinical benefit seen in PALOMA-1. The results of the PALOMA-2 trial, a phase III randomized double-blind placebocontrolled trial designed to confirm the results of PALOMA-1, provided further evidence of the benefit of using the combination in patients with metastatic breast cancer ER-positive, HER2-negative disease who have not received prior therapy for advanced breast cancer ( b Finn et al., 2016) . Palbociclib has also been investigated in the second-line setting. In PALOMA-3 study, a phase III randomized (2:1) double blind study, 521 patients with HR-positive, HER2-negative breast cancer that relapsed or progressed on previous endocrine therapy were assigned to fulvestrant with palbociclib or placebo (Turner et al., 2015) . Premenopausal or perimenopausal women were eligible if also treated with goserelin. The median age was 57 years and 20.7% of the patients were premenopausal. Women on the experimental arm (347 patients) had more than double median PFS (primary endpoint) compared with those in the placebo arm (9.2 months vs 3.8 months, HR 0.42, P b .001). The relative difference in primary outcome between the placebo and palbociclib groups was consistent regardless of menopausal status of the patients. Although the efficacy benefit was not as large as seen in the first-line setting, these results led to the expansion of the currently approved label of palbociclib in breast cancer to include combination with fulvestrant, in addition to aromatase inhibitors.
Palbociclib is overall well tolerated, either as monotherapy or in combination with anti-estrogen therapies. However, dosage reductions or treatment delays are often required primarily due to hematologic toxicity (dosage reduction was required in 40% of patients in PALOMA-1, 36% in PALOMA-2 and 34% in PALOMA-3). Surprisingly, although grade 3/4 neutropenia was reported in the majority of patients in the experimental arm, very few cases of febrile neutropenia or neutropenia-related infections were seen. Among the nonhematologic all-grade adverse events (AEs), the most common were fatigue (40%), nausea (25%), arthralgia (23%), and diarrhea (21%). Dose modifications are recommended for management of grade ≥ 3 AEs, with a first reduction to 100 mg and a second to 75 mg (FDA palbociclib label, accessed on March 17, 2018). Although grade 3/4 neutropenia is frequent with palbociclib, dose modifications for grade 3/4 neutropenia had no effect on PFS in the PALOMA 2 and 3 trials (Rugo et al., 2017; Verma et al., 2016) .
Ribociclib
Ribociclib was the second CDK4/6 inhibitor to receive FDA approval for treatment of HR-positive, HER2-negative advanced breast cancer. In breast cancer cell lines and xenograft models, ribociclib showed inhibition of growth and synergistic antitumor activity when used with endocrine therapies (O'Brien et al., 2014) . In the first-in-human phase I trial of adult patients with advanced solid tumors or lymphoma, 132 patients were enrolled. The maximum tolerated dose (MTD) and recommended dose for expansion (RDE) were established as 900 and 600 mg/day 3-weeks-on/1-week-off, respectively. Similar to palbociclib, common treatment-related AE were (all-grade; grade 3/4) neutropenia (46%; 27%), leukopenia (43%; 17%), fatigue (45%; 2%), and nausea (42%; 2%). Asymptomatic Fridericia's corrected QT prolongation was seen with ribociclib but specific to doses ≥ 600 mg/day (9% of patients at 600 mg/day; 33% at doses N 600 mg/day). There were 3 PR and 43 patients achieved a best response of SD (Infante et al., 2016) .
Based on phase I data indicating the absence of drug-to-drug interaction between ribociclib and letrozole (Munster et al., 2014) , the phase III trial MONALEESA-2 trial was launched. 668 postmenopausal women with ER-positive, HER2-negative advanced breast cancer without prior systemic treatment were randomized to ribociclib (600 mg/day, 3 weeks on/1 week off) plus letrozole (2.5 mg/day, continuous), or letrozole plus placebo. Median PFS was 16.0 months in the placebo arm and 25.3 months for the ribociclib arm (HR 0.568; 95% CI, 0.457-0.704, p b .001) (Hortobagyi et al., 2016; Hortobagyi et al., 2017) . Adverse events were similar to those seen with palbociclib, with 59.3% of neutropenia in the ribociclib group vs. 0.9% in the placebo group, and leukopenia in 21% in the ribociclib group vs. 0.6% in the control group.
In March 2017, ribociclib in combination with an aromatase inhibitor as initial endocrine-based therapy for the treatment of postmenopausal women with HR-positive, HER2 − negative advanced breast cancer was approved by the FDA. Given increased risk of QT prolongation, the FDA label recommends to monitor electrocardiogram (ECG) and electrolytes prior to initiation of the treatment, and at the beginning of each cycle for 6 cycles. In addition to an ECG on day 14 of first cycle. The results of MONALEESA-7, the first phase III trial to look at the role of a CDK4/6 inhibitor with hormonal therapy and goserelin exclusively in premenopausal women, aromatase inhibitor with goserelin as initial hormonal therapy for advanced breast cancer significantly prolonged PFS compared to ET alone: 23.8 months (95% CI: 19.2 months-not reached) vs. 13.0 months (95% CI: 11.0-16.4 months); HR = 0.553; 95% CI: 0.441-0.694; p b .0001 (Tripathy et al., 2017) . MONALEESA-3, a phase III trial comparing ribociclib plus fulvestrant vs. placebo with fulvestrant in women with ER-positive, HER2-negative advanced breast cancer (Germa et al., 2017) has completed accrual and results are expected in 2020.
Abemaciclib
Abemaciclib is the latest CDK4/6 inhibitor approved by the FDA in view of the results of the MONARCH 1 and 2 trials. In comparison to palbociclib and ribociclib, abemaciclib is 14 times more potent against CDK4 than against CDK6, which may explain the different toxicity profile. In the phase I studies, abemaciclib alone and in combination with antihormonal therapies, showed favorable toxicity profiles in patients with HR-positive metastatic breast cancer, with most common grade 3 treatment-related side effects being diarrhea, neutropenia, nausea and fatigue. No febrile neutropenia or grade 4 events were reported. The results were very encouraging with DCR of 81% and ORR 26% in heavily pretreated HR-positive patients (Patnaik et al., 2014; Tolaney et al., 2015) .
These results led to the phase II trial MONARCH 1 that evaluated the single-agent activity and safety of abemaciclib in patients with refractory metastatic breast cancer whose disease had progressed following multiple prior treatments, including chemotherapy (Dickler et al., 2017) . With a median of three lines of prior therapy for advanced disease and at the 8-month interim analysis, the confirmed odds risk ratio (ORR) was 17.4%, the CBR was 42.4%, and median PFS was 5.7 months. Of note 90.2% of patients had visceral disease and 50.8% had more than three sites of metastases. The early evidence of response and favorable toxicity profile prompted the launch of a phase III trial, the MONARCH 2, that compared abemaciclib plus fulvestrant vs. placebo with fulvestrant in women with ER-positive, HER2-negative advanced breast cancer (Sledge et al., 2017) . Patients had experienced disease progression on or within 12 months of receiving endocrine treatment in the neoadjuvant or adjuvant setting or while receiving first-line endocrine therapy for metastatic disease. The combination arm was superior to fulvestrant alone in this group of patients: median PFS in the combination group was 16.4 months in comparison to 9.3 months of the fulvestrant alone group (HR 0.553; 95% CI: 0449-0.681; p b .001). In patients with measurable disease, abemaciclib plus fulvestrant achieved an ORR of 48.1% (95% CI, 42.6% to 53.6%) compared with 21.3% (95% CI, 15.1% to 27.6%) in the control arm. The most common AEs in the abemaciclib arm were diarrhea (86.4% vs. 24.7%), neutropenia (46.0% vs. 4.0%), nausea (45.1% vs. 22.9%), and fatigue (39.9% vs. 26.9%) when compared to placebo.
Based on these results, the FDA granted approval for abemaciclib on September 2017, in combination with fulvestrant in patients with HRpositive, HER2-negative advanced breast cancer who progressed following endocrine therapy. In addition, abemaciclib also received FDA approval as a single-agent therapy in a similar population to the one enrolled on MONARCH-1.
Since then the results of MONARCH 3 have been presented (Goetz et al., 2017) , a phase III randomized trial comparing abemaciclib or placebo in combination with a nonsteroidal aromatase inhibitor (NSAI) in postmenopausal patients with advanced HR-positive, HER2 − negative advanced breast cancer who had no previous systemic therapies. The trial enrolled 493 patients. Addition of abemaciclib to NSAI significantly prolonged PFS with an observed HR of 0.54 (95% CI: 0.41-0.72; p b .000021), while the median PFS was not reached in the abemaciclib arm at interim analysis against 14.7 months in the placebo arm. ORR was 48.2% (95% CI: 42.8%-53.6%) in patients receiving abemaciclib versus 34.5% (95% CI: 27.3%-41.8%) in the placebo-assigned patients (p b .002). Consistent with MONARCH 1 and 2 results, the most frequent grade 3 or 4 AEs with abemaciclib compared to placebo were neutropenia (21.1% vs. 1.2%), diarrhea (9.5% vs. 1.2%), and leukopenia (7.6% vs. 0.6%). In February 2018, the FDA also approved abemaciclib in combination with an aromatase inhibitor as initial therapy for postmenopausal patients with advanced HR-positive, HER2-negative breast cancer.
Future development and clinical guidelines
Other ongoing phase II and III trials are currently looking at the combination of palbociclib, ribociclib or abemaciclib with various endocrine therapies in patients with early stage high risk disease after undergoing surgery or in the neoadjuvant setting. Current National Comprehensive Cancer Network (NCCN) guidelines (v 4.2017) recommend palbociclib or ribociclib in combination with an aromatase inhibitor for first line therapy of postmenopausal women who have not received endocrine therapy within the previous year. For premenopausal women and/or women who had prior endocrine therapy within 1 year, recommendation is to consider endocrine therapy with or without CDK4/6 inhibitor or mTOR inhibitor. The American Society of Clinical Oncology (ASCO) guidelines for the management of HR-positive metastatic breast cancer were last updated in 2016 and state that the preferred first-line endocrine therapy for postmenopausal women should be aromatase inhibitors with or without palbociclib. As second line therapy, fulvestrant is recommended with or without palbociclib, with addition of palbociclib limited to those without prior exposure to CDK4/6 inhibitors.
Biomarkers of sensitivity and resistance to CDK4/6 inhibitors
In vitro studies have shown that breast cancers with increased ER, cyclin D1 and Rb and low p16 levels show increased sensitivity to CDK4/6 inhibitors (Dean et al., 2010; Finn et al., 2009) . Although ER status is useful to identify patients who will benefit from CDK4/6 inhibitors, the use of ER protein level as a biomarker for increased drug efficacy has not been confirmed in clinical trials (Cristofanilli et al., 2016) . Moreover, IHC staining with cyclin D1 or p16 levels did not show differential benefit from palbociclib in patients with tumors with different degrees of expression for either of these proteins (Finn et al., 2015) .
Validating levels of functional Rb protein in human tumor has been challenging due to multiple factors including the establishment of threshold that separates Rb-high from Rb-low tumors and the fact that total Rb protein levels do not reflect functionality (Garrido-Castro & Goel, 2017) . However, since CDK4/6 inhibitors are approved for ERpositive breast cancer treatment, determination of Rb levels could potentially be helpful in personalizing treatment of patients with ERpositive breast cancer (Malorni et al., 2016) . Furthermore, Rb levels, irrespective of ER status may be a more useful biomarker for CDK4/6 sensitivity since both Rb high ER-positive and TNBC cells have shown increased sensitivity to these drugs (Lehmann et al., 2011) . Comparison of genotyping of tissue and peripheral blood from pre-and posttreatment (with palbociclib or ribociclib) samples show emergence of somatic RB1 mutations in patients with metastatic breast cancer (Condorelli et al., 2018) .
Even though CDK4/6 inhibitors have shown promising results in the clinic, there are cases of de novo resistance, and eventually acquired resistance emerges months to years after initiation (Guarducci et al., 2017) . In ER-positive breast cancer cell models, resistant clones show amplification of CDK6 and decreased expression of ER and PR and subsequent diminished response to antiestrogens (Yang et al., 2017) . Wang et al. recently showed that human cancers expressing high levels of cyclin D3 and CDK6 respond to CDK4/6-inhibition by undergoing tumor cell death, while cancers that express other types of cyclin D-CDK4/6 complexes undergo cell cycle arrest. Thus, determination of cyclin D3-CDK6 levels in primary tumors may allow identification of cancers that are particularly amenable to anti-CDK4/6 therapy . In human colorectal carcinoma cells, upregulation of MYCdriven metabolic shifts has been reported following CDK4/6 inhibition suggesting possible synergistic effects with agents targeting glutaminolysis or PI3K/mTOR signaling (Tarrado-Castellarnau et al., 2017) . Aberrant PI3K/mTOR signaling pathway is common in ERpositive breast cancers (Mayer & Arteaga, 2014) and PI3K inhibitors emerge as synergistic partners of CDK4/6 inhibitors (Franco, Witkiewicz, & Knudsen, 2014; Vora et al., 2014) . Triple combination of endocrine therapy, CDK4/6, and PI3K inhibition was more effective than paired combinations, provoking rapid tumor regressions in a ER + breast cancer patient derived tumor xenograft (PDX) (Cortes et al., 2017; Herrera-Abreu et al., 2016) .
Our understanding of the biological mechanisms of CDK4/6 inhibitors in cancer is incomplete and has only recently expanded beyond cell cycle regulation (Anders et al., 2011; Franco, Balaji, Frienkman, Witkiewicz, & Knuden, 2016) . Studies in murine models of breast carcinoma showed that treatment with CDK4/6 inhibitors not only induces tumor cell cycle arrest, but also promotes anti-tumor immunity. In this study (Goel et al., 2017) , treatment with CDK4/6 inhibitors increased tumor cells' functional capacity to present antigens and reduced the immunosuppressive Treg population by suppressing their proliferation through suppression of the Rb-E2F axis, leading to reduced DNMT1 expression. Moreover, CDK4/6 inhibition was shown to enhance IL2 secretion and activate effector T cells (Deng et al., 2017) . Thus, CDK4/6 inhibitors might enhance the susceptibility of such tumors to immune checkpoint blockade. More recently, early changes in circulating tumor DNA (ctDNA) level were explored as a predictor of response (O'Leary et al., 2018) .
Despite the significant interest in determining predictors of responsiveness, the identification of specific biomarkers remains unclear. Significant efforts have been made to identify a biomarker predictive of response to CDK4/6 inhibitors without success to date (Andre, Stemmer, & Campone, 2017; c Finn et al., 2016; Cristofanilli et al., 2016; Finn et al., 2009; Finn et al., 2015; Turner et al., 2016) . Strategies such as focusing biomarker analysis on the "extremes" (those who do not benefit from CDK4/6 inhibitors and "exceptional responders" on endocrine therapy alone) have been suggested. It is crucial that the effort to identify biomarkers of response continues as effective patient selection will maximise efficacy while minimizing toxicity and costs.
Combination therapies with CDK4/6 inhibitors
Based on the mechanistic insights mentioned above, CDK4/6 inhibitors are being explored in combination with other agents, including targeted therapies, immunotherapy and chemotherapy, and there are several ongoing clinical trials listed on clinicaltrials.gov (Table 1) .
Combination with agents targeting the PI3K/mTOR pathway
As mentioned above, preclinical data suggests that there may be a synergistic effect when agents targeting the PI3K/mTOR pathway are added to CDK4/6 inhibition (Augereau et al., 2017; Cortes et al., 2017; Herrera-Abreu et al., 2016) . Preliminary data on small numbers of patients have been reported with the use of mTOR inhibitors (everolimus) and α-specific PI3K inhibitor (alpelisib) with ribociclib and abemaciclib. A phase Ib trial of ribociclib, everolimus and exemestane with 83 heavily pretreated patients with HR + HER2 advanced breast cancer reported an ORR 13%. Twenty three percent of the patients had received prior PI3K/AKT/mTOR inhibitors (Oliveira, Chavez-MacGregor, & Modi, 2016) . The triple therapy was overall well tolerated and the safety profile was broadly consistent with everolimus and exemestane combination. Abemaciclib was tested in combination with everolimus and exemestane in 19 patients with HR+ HER2-metastatic breast cancer. Of 15 patients evaluable for response, the ORR was 33% and the clinical benefit rate at 6 months was 73%. The most common treatment related AEs included fatigue, gastrointestinal and haematological toxicities, stomatitis, and rash. A phase Ib trial of letrozole, ribociclib and alpelisib showed some preliminary evidence of response. Among 27 evaluable Legend: ET -endocrine therapy; IGF -insulin like growth factor; HR -hormone receptor; HER2 -human epidermal receptor 2; AR -androgen receptor; TDM1 -ado trastuzumab; FGFRfibroblast growth factor receptor; SERD -selective estrogen receptor degrader; SERM -selective estrogen receptor modulator; mTOR -mammalian target of rapamycin; CPI -checkpoint inhibitor; PI3K -Phosphatidylinositol-3 kinase.
patients, 2 (7%) had a PR, 4 (15%) had unconfirmed partial response and 6 (22%) had SD. 33% of patients had previously received PI3K/AKT/ mTOR inhibitors. A total of 8 (22%) patients discontinued treatment due to toxicity, being the most frequent nausea (all grades, 44%; G3/4, 6%), hyperglycemia (44%; 17%), neutropenia (42%; 22%), and fatigue (36%; 11%) (Juric et al., 2016) . Currently there are several ongoing trials exploring triplet combinations in patients with HR+ HER2-advanced breast cancer with palbociclib, ribociclib and abemaciclib (Table 1) . Different agents targeting the PI3K/mTOR pathway are part of the triplet approach including pan-PI3k inhibitors (copanlisib), α-specific PI3K inhibitors (alpelisib, GDC-0077), PI3K/mTOR dual inhibitor (LY3023414) and mTOR inhibitors (everolimus).
Combination with checkpoint inhibitors
The possible role of CDK4/6 inhibition in promoting anti-tumor immunity in animal models of breast cancer was further confirmed in the NeoPalAna trial (Ma et al., 2017) . As part of this neoadjuvant study, patients with primary ER-positive breast cancer underwent serial tumor biopsies and gene expression data were obtained. When biopsies taken before initiation of palbociclib were compared to those after 12 weeks of treatment in terms of upregulated genes, the most common signatures were "allograft rejection", "inflammatory response" and "interferon gamma response". Interestingly, these gene sets were already significantly upregulated after 2 weeks of palbociclib treatment. These signatures have also been described as being upregulated in xenograft models. Currently there are ongoing trials looking at the potential benefit of adding checkpoint inhibitors to CDK4/6 inhibitors (LY3300054, PDR001 and pembrolizumab) with the expectation that it may cause more prolonged responses or even cures (Table 1) .
Combination with chemotherapy
Preclinical data suggest that CDK4/6 inhibitors should not be combined with DNA damaging therapies with the risk of decreasing antitumor activity (Roberts et al., 2012) . However, the concept of combining pharmacological quiescence induced by the CDK4/6 inhibitors with effective cytotoxic chemotherapy seems very attractive (Knudsen & Witkiewicz, 2017) . Therefore, strategies looking at intermittent dosing of CDK4/6 inhibitors have been explored to allow successful combination of CDK4/6 inhibitors and chemotherapy have been pursued.
Based on mouse xenografts showing that CDK4/6 inhibition is synergistic with 5FU in suppressing tumor growth, a phase I study with this combination enrolled 29 heavily pretreated patients with solid tumors. RP2D was palbociclib 100 mg daily 7 days on 7 days off with 5FU 2400 mg/m2 continuous infusion administered on days 8-10. Of the 26 evaluable patients, one experienced a confirmed PR (breast) and 6 SD for a DCR of 27% (Pishvaian et al., 2016) . Most patients had colorectal (19) or breast (6) cancer. The combination was overall well tolerated.
Palbociclib was also investigated in combination with weekly paclitaxel in patients with metastatic breast cancer. Palbociclib was taken on days 2-6, 9-14, 16-20 of each 28-day cycle. Among 15 patients enrolled, 11 experienced a PR or SD, and of those 8 continued on treatment for N6 months (Clark et al., 2014) . Because grade 3/4 neutropenia was common and frequently led to dose reduction or dose interruption, an additional phase 1 expansion was started to examine palbociclib on a 3-day schedule (day 2-4, 9-11 and 16-18). Currently there are ongoing trials looking at the combination of ribociclib with capecitabine and ribociclib with paclitaxel in patients with advanced breast cancer.
Combination with HER2 targeted therapies
Finn et al. tested the growth inhibitory effects of palbociclib in a large panel of breast cancer cell lines and identified potent activity in two therapeutic groups: those that were ER-positive and HER2-amplified, while nonluminal/basal cell types were most resistant (Finn et al., 2009) . They also demonstrated synergistic anti-tumor effect when combining tamoxifen and palbociclib in ER-positive cell lines and trastuzumab and palbociclib in HER2-amplified cell lines, respectively. CDK4/6 inhibition has been shown to overcome resistance to targeted therapy in HER2-positive breast cancer by increasing tumor cell dependence on EGFR family kinase signaling. In PDX models, CDK4/6 inhibitors were able to resensitize tumors to HER2 targeted therapies (Goel et al., 2016) . This combination has been tested in NA-PHER, a neoadjuvant study that enrolled 36 patients with HR-positive HER2-positive breast cancer. Patients were treated every 3 weeks with trastuzumab and pertuzumab for six cycles plus oral palbociclib 125 mg once a day for 21 days in a 4-week cycle and fulvestrant 500 mg every 4 weeks for five cycles. At baseline, geometric mean Ki67 expression was 31.9% (SD 15.7), versus 4.3% (15.0) at week 2 (n = 25; p b 0·0001) and 12.1% (20.0) at time of surgery (n = 22; p = .013). At surgery, eight (27%) patients had a pathological complete response (pCR) in breast and axillary nodes (Gianni et al., 2018) . Currently all three CDK4/6 inhibitors are being tested with antiHER2 targeted therapies including trastuzumab, pertuzumab, TDM1 and tucatinib.
Combination with radiation therapy
Preclinical studies of palbociclib in combination with radiation therapy for the treatment of glioblastoma have shown this to be an effective treatment modality (Whittaker et al., 2017) . Currently there are two ongoing studies of palbociclib with radiation in patients with head and neck carcinomas (NCT03389477 and NCT03024489). There is lack of data on the efficacy and safety of the combination of radiation therapy and CDK4/6 inhibitors in breast cancer. A small study reported results of 5 patients who received palliative radiation therapy concurrently with palbociclib and concluded that on this small group of patients there was no increased toxicity (Hans, Cottu, & Kirova, 2018) .
Conclusion and outlook
CDK4/6 inhibitors have dramatically changed the landscape of treatment for patients with HR-positive advanced breast cancer. All the three FDA approved drugs (palbociclib, ribociclib and abemaciclib) have been associated with improved outcomes and acceptable toxicities when compared to endocrine therapy alone. If ongoing trials show evidence of clinical benefit, it is possible that in the near future CDK4/6 inhibitors will have a role in the neoadjuvant or adjuvant setting. Unfortunately, resistance eventually emerges and new strategies to delay or overcome resistance are currently being investigated. Studies focused on identification of patients who can be treated initially with endocrine therapy alone are currently being planned and are of paramount importance.
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